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Abstract Rapid deforestation has occurred in northern
Thailand over the last few decades and it is expected to
continue. The government has implemented conservation
policies aimed at maintaining forest cover of 50% or more
and promoting agribusiness, forestry, and tourism devel-
opment in the region. The goal of this paper was to analyze
the likely effects of various directions of development on
the region. Specific objectives were (1) to forecast land-use
change and land-use patterns across the region based on
three scenarios, (2) to analyze the consequences for bio-
diversity, and (3) to identify areas most susceptible to
future deforestation and high biodiversity loss. The study
combined a dynamic land-use change model (Dyna-CLUE)
with a model for biodiversity assessment (GLOBIO3). The
Dyna-CLUE model was used to determine the spatial
patterns of land-use change for the three scenarios. The
methodology developed for the Global Biodiversity
Assessment Model framework (GLOBIO 3) was used to
estimate biodiversity intactness expressed as the remaining
relative mean species abundance (MSA) of the original
species relative to their abundance in the primary vegeta-
tion. The results revealed that forest cover in 2050 would
mainly persist in the west and upper north of the region,
which is rugged and not easily accessible. In contrast, the
highest deforestation was expected to occur in the lower
north. MSA values decreased from 0.52 in 2002 to 0.45,
0.46, and 0.48, respectively, for the three scenarios in 2050.
In addition, the estimated area with a high threat to bio-
diversity (an MSA decrease [0.5) derived from the simu-
lated land-use maps in 2050 was approximately 2.8% of the
region for the trend scenario. In contrast, the high-threat
areas covered 1.6 and 0.3% of the region for the integrated-
management and conservation-oriented scenarios, respec-
tively. Based on the model outcomes, conservation mea-
sures were recommended to minimize the impacts of
deforestation on biodiversity. The model results indicated
that only establishing a fixed percentage of forest was not
efficient in conserving biodiversity. Measures aimed at the
conservation of locations with high biodiversity values,
limited fragmentation, and careful consideration of road
expansion in pristine forest areas may be more efficient to
achieve biodiversity conservation.
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Deforestation and land-use change are critical threats to
biodiversity in Southeast Asia (Fox and Vogler 2005). The
Food and Agriculture Organization of the United Nations
(2005) estimated that tropical regions lost 15.2 million ha
of forest per year during the 1990s and Southeast Asia
experienced the highest rate of net cover change (0.71%
per year) compared with other continents. Forest loss in
Thailand was ranked the highest of all countries in the
Greater Mekong subregion and as fourth in the ‘‘Top 10’’
of tropical countries in terms of annual rate of loss in 1995
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(CFAN 2005). According to Charuphat (2000), forest cover
in Thailand declined from 53% of the country’s area in
1961 to approximately 25% in 1998. The total loss of forest
area during this 37-year period was 14.4 million ha, and
the average annual loss was 400,000 ha, or 2.0%.
Deforestation in Thailand is mainly caused by com-
mercial logging of primary forest, agribusiness, and urban
development, driven by ongoing population growth (Pan-
ayotou and Sungsuwan 1989) and the national development
strategy (Delang 2002) to gain foreign income. Cropper
and others (1996) indicated that road development and
population growth explain about 70% of the deforestation
that occurred in Thailand between 1976 and 1989. During
this period, about 1.2 million new agricultural households
and about 17,000 km of roads was added in northern and
northeast Thailand. In addition, land-use change is also
driven synergistically by a combination of scarce resources
leading to an increase in production pressures on resources,
changing opportunities created by markets, outside policy
intervention, loss of adaptive capacity, and changes in
social organization and attitudes (Lambin and others 2003).
Deforestation is causing concerns for policymakers; it
has been listed as the most important environmental issue
in the Kingdom of Thailand in the last 10 years (Office of
Natural Resources, Environmental Policy and Planning
2006). In 1989, the Thai government declared the closure
of commercial logging concessions as part of its change in
strategy for national development. In addition, the Royal
Thai Government (RTG) has implemented two measures to
avoid further deforestation and increase forest cover,
namely, the establishment of a protected areas network and
reforestation, respectively (Trisurat 2007). Nevertheless,
the latest assessments based on new and improved methods
of measuring and classifying forest cover show that the
remaining forest cover decreased between 2000 and 2005
from 33.1 to 31.4% of the total land area (Royal Forest
Department 2007).
The impacts of deforestation are well known and
observed. Of primary concern are impacts on biodiversity
(Redford and Richter 1999) and the ability of biological
systems to support human needs (Lambin and others 2003).
Not only does deforestation cause habitat loss, but also it
results in habitat fragmentation, diminishing patch size and
core area, and isolation of suitable habitats (MacDonald
2003). In addition, fragmentation provides opportunities
for pioneer (light-demanding) species to invade natural
habitat along the forest edge (Forman 1995; McGarigal and
Marks 1995). Pattanavibool and others (2004) found that
the fragmented forest in the Mae Tuen Wildlife Sanctuary
in northern Thailand contained lower densities of large
mammals (e.g., Asian elephant, gaur) and hornbills com-
pared to the relatively intact Om Koi Wildlife Sanctuary. In
addition, recovery of degraded ecosystems to their original
state is extremely difficult and time-consuming. Fukushima
and others (2008) investigated the recovery of tree species
composition in secondary forests in northern Thailand that
had been abandoned after swidden cultivation for more
than 20 years. The results indicated that native species in
recently abandoned poppy fields were mostly absent and
that it would take more than 50 years to reach climax
species composition. In addition, Oberhauser (1997) also
indicated that a high number of vascular species were
observed and increasing numbers of animal species became
established in the older plantations.
Models of land-use change can address two separate
issues: where land-use changes are likely to take place
(location of change) and at what rates changes are likely to
progress (quantity of change). The first issue requires the
identification of the natural and cultural landscape attri-
butes that are the spatial determinants of change. The rate
or quantity of change is driven by demands for land-based
commodities and these demands are often described using
economic models accounting for demand–supply relations
and international trade (Verburg and others 2008). Land-
use change models range from simple system representa-
tions including a few driving forces to simulation systems
based on a profound understanding of situation-specific
interactions among a large number of factors at different
spatial and temporal scales, as well as environmental pol-
icies. Reviews of different land-use models have been
provided by Verburg and others (2004), Matthews and
others (2007), and Priess and Schaldach (2008).
The current research focused on the northern region of
Thailand, which contains the highest percentage of
remaining forest cover and protected areas compared with
other regions. Due to ongoing human population growth
(e.g., 3.9% for Chiang Mai province and 1.4% for Mae
Hong Son province [Department of Local Administration
2007]), expansion of agriculture (1.4% per annum [Land
Development Department 2003]), and infrastructure
development in the region, continuing deforestation and
decreasing biodiversity can be expected. This paper
assesses the potential consequences of ongoing deforesta-
tion for biodiversity. Two spatial models were combined,
namely, the Dyna-CLUE (Conversion of Land Use and its
Effects) model (Verburg and others 2002; Overmars and
others 2007) and the Global Biodiversity Model framework
(GLOBIO3 [Alkemade and others 2009]). The research
aim was to analyze the likely effects on biodiversity of
various conservation policy options in the region, with the
combined use of these models. Specific objectives were (1)
to forecast land-use change and land-use patterns across the
region based on three scenarios, (2) to analyze the conse-
quences for biodiversity, and (3) to identify areas most
susceptible to future deforestation and high biodiversity
loss.
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Materials and Methods
Study Area
Northern Thailand is situated between the northern lati-
tudes of 145601700 and 20270500 and the eastern longitudes
of 972003800 and 1014703100, covering 17 provinces and
encompassing an area of 172,277 km2, or one-third of the
country’s land area (Fig. 1). The dominant topography is
mountainous, with a north–south orientation. The average
annual temperature ranges from 20 to 34C; the average
annual rainfall ranges between 600 and 1000 mm in low
areas to more than 1000 mm in mountainous areas. The
rainy season is from May to October. The total population
has been almost stable at 11 million over the last 10 years
but the population is relatively different among provinces
(Department of Local Administration 2007).The growing
population is leading to additional pressure on a limited
land resource for the purposes of agricultural production
and food self-sufficiency (Cropper and others 1996).
Northern Thailand was originally covered by dense
forest. Dominant vegetation included dry dipterocarp and
mixed deciduous forests at low and moderate altitudes,
while pine forest, hill evergreen forest, and tropical mon-
tane cloud forest dominated areas at high altitudes (Santi-
suk 1988). The Land Development Department (2003)
indicated that forest cover in this region declined from 68
to 57% during 1961 to 2002. Except in protected areas, the
lowland forests have been removed due to extensive log-
ging in the past and the expansion of agricultural land.
These areas are now extensively managed for agriculture,
with rice on irrigated land and vegetables and fruit trees
(e.g., longan, lychee) elsewhere. Agriculture currently
covers approximately 32% of the region. Secondary forest
in mountainous northern Thailand has been the result
mainly of swidden cultivation (Fukushima and others
2008). In addition, some swidden cultivation has been
shortened in its cycle or changed to monoculture cash crops
over the last 50 years (Schmidt-Vogt 1999; Fox and Vogler
2005). According to the Office of Agricultural Economics
(OAE), approximately 50,000 ha of rubber was planted in
this region during 2004 to 2006 (Office of Agricultural
Economics 2007). The continuing increase in the rubber
price in the last decade has stimulated a huge land demand
for rubber plantations.
Land-Use Modeling and Scenario Definition
The Dyna-CLUE model (Verburg and others 2002;
Overmars and others 2007) was used to project land-use
transitions for different scenarios during the period 2002–
2050. It has been used and validated in multiple case
studies and has proven to be capable of simulating land-use
dynamics in Southeast Asian mountain regions (Castella
and Verburg 2007; Pontius and others 2008; Verburg and
Veldkamp 2004). The model requires four inputs that
Fig. 1 Location of protected
areas and provinces in northern
Thailand
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together create a set of conditions and possibilities for
which the model calculates the best solution by an iterative
procedure: (1) land-use requirements (demand), (2) loca-
tion characteristics, (3) spatial policies and restrictions, and
(4) land-use type-specific conversion settings. Land-use
requirements and spatial policies are scenario specific,
whereas the location characteristics and conversion settings
are assumed equal for all scenarios.
Land-Use Requirements (Demand)
These were calculated at the aggregate level as part of a
specific scenario. Three land-demand scenarios for north-
ern Thailand in 2050 were developed: (1) trend scenario,
(2) integrated management scenario, and (3) conservation-
oriented scenario. The trend scenario was based on a
continuation of the land-use change of recent years (1998–
2003 [Office of Agricultural Economics 2007]). The inte-
grated scenario was derived from the long-term environ-
mental policy (Office of Environmental Policy and
Planning 1997) and aimed to maintain 50% forest cover at
the national level. The conservation-oriented land use
scenario aimed to maintain 55% of the region as forest
cover and rehabilitate the degraded head watershed.
The characteristics of the three scenarios are reported in
Table 1.
Location Characteristics
The Dyna-CLUE model quantifies the location preferences
of the different land uses based on logistic regression
models. The logit models indicate the preference for a spe-
cific type of land use based on the relation between the
occurrence of a land-use type and the physical and socio-
economic conditions of a specific location (location factors):
Logit pið Þ ¼ ln pið Þ= 1  pið Þ
¼ b0 þ b1X1 þ b2X2 þ    þ bnXn ð1Þ
where pi is the probability of a grid cell for the occurrence
of the considered land-use type and the X parameters are
the driving factors, which include physical and socioeco-
nomic factors. The coefficients (b) are estimated through
logistic regression using the occurrence of the land uses in
2002 as the dependent variable.
The goodness-of-fit of a logistic regression model is
evaluated using the receiver operating characteristic (ROC
[Swets 1986]). The value of the area under the curve ranges
between 0.5 (completely random) and 1.0 (perfect fit).
The original land-use classes derived from the 1:50,000
land-use map for 2002 (Land Development Department
2003) were aggregated into nine classes to facilitate land-
use simulations: (1) intact forest, (2) disturbed forest, (3)
forest plantation, (4) paddy, (5) upland crop, (6) tree crop,
(7) miscellaneous area (e.g., old clearing, wetland, rock
outcrop), (8) built-up area, and (9) water body. In the
current study, models were developed for seven land-use
classes, as the ‘intact forest’ was a function of other
changes and ‘water body’ was assumed to remain
unchanged during the simulation period.
The physical factors included topographic variables,
annual precipitation, distance to available water, and soil
texture. Some topographic factors (altitude, slope, and
aspect) represented limiting factors for agriculture. Alti-
tude, aspect, slope, distance to main roads, and distance to
streams and rivers were extracted and/or interpolated from
1:50,000 topographic maps (Royal Thai Survey Depart-
ment 2002). A surface representing the spatial variation in
annual precipitation was interpolated from rainfall data
recorded at meteorological stations across northern Thai-
land, using universal kriging techniques (Theobald 2005).
Table 1 Characteristics of land demand scenarios for northern Thailand in 2050
Scenario 1: Trend Scenario 2: Integrated management Scenario 3: Conservation oriented
Forest cover
target
45% (annual loss follows trend of 0.6%
annual loss)
50% 55%
Other land-use
claims
Based on trends: plantation (0.2%
increase annually), paddy (0.8%),
upland crop (0.2%), tree crop (1.6%),
miscellaneous (-0.7%), and built-up
(1.1%)
Rubber plantation: 480,000 ha other
land uses: paddy (0.7% increase
annually), upland crop (-0.2%), tree
crop (0.8%), miscellaneous (-1.0%)
and built-up (1.1%)
Rubber plantation: 300,000 ha other
land uses: paddy (0.3% increase
annually), upland crop (-0.1%), tree
crop (0.5%), miscellaneous (-1.0%)
and built-up (1.1%)
Resulting total
agricultural
Area
Agriculture: 44% Agriculture: 41% Agriculture: 36%
Spatial policies No spatial policies implemented • Restriction (no land change) within
national parks and wildlife sanctuaries
• Restriction (no land change) within
national parks and wildlife sanctuaries
• Establishment of forest plantations:
230,400 ha (*4800 ha/yr)
• Reforestation in degraded Class 1
watershed (230,400 ha)
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Soil types were derived from the 1:100,000 soil map (Land
Development Department 2001).
The socioeconomic factors influencing deforestation
included distance to village, distance to city, distance to
main road, and population density. Distance to village and
population density were proxy indicators for local con-
sumption, while the distance to road and distance to city
parameters were important proxies for the costs of trans-
porting agricultural commodities to market. Current pop-
ulation data were obtained from the Local Administration
Department. Protected area coverage was digitized from
the National Gazette map. All spatial analyses were carried
out using ArcGIS software with a spatial resolution of
500 9 500 m.
Spatial Policies and Restrictions
These indicate areas where land-use changes are restricted
through strict protection measures, such as protected areas.
In the trend scenario, no spatial policies were implemented,
thus forest encroachment could occur in protected areas if
the location characteristics were favorable. In contrast,
land-use policies were imposed for the integrated man-
agement and conservation-oriented scenarios. Under the
latter scenarios, existing national parks and wildlife sanc-
tuaries, which cover approximately 53,200 km2, or 30% of
the region (Royal Forest Department 2007), were desig-
nated restricted areas, so that no further encroachment was
allowed in these areas and natural succession was possible.
Land-Use Type-Specific Conversion Settings
These influence the temporal dynamics of the simulations.
Two sets of parameters are essential to characterize each
land-use type: conversion elasticities and land-use transi-
tion settings. The elasticities were estimated based on
capital investment, time, and energy costs and expert
judgment, ranging from 0 (easy conversion) to 1 (irre-
versible change) (Verburg and others 2002). High values
for this parameter were assigned to the primary forest,
paddy, built-up area, and water body classes, because these
land-use types are not likely to be displaced because they
involve a high commitment to investment or a large
amount of time in the case of establishing primary forest.
Medium values were given to disturbed forest and fruit
trees. On the other hand, upland crop and miscellaneous
areas are highly dynamic land uses, thus low values were
assigned to them. In the land-use transition settings a
minimum of 30 years was specified as a requirement for
the natural succession of reforestation to primary forest and
20 years was specified for succession from disturbed forest
back to primary forest, based on the work of Oberhauser
(1997).
The Dyna-CLUE model uses all inputs to calculate the
total probability for each grid cell of each land-use type
based on the local suitability of the location derived from
the logit model, the conversion elasticity, and the com-
petitive strength of the land-use type (Verburg and Over-
mars 2009). Where no constraints to a specific conversion
were specified, the location was allocated to the land use
with the highest total suitability. Using an iterative process,
the competitive strength of the different land-use types was
adapted until the total allocated area of each land use
equaled the total land requirements specified in the
scenario.
The resulting land-use patterns were analyzed in terms
of mean patch size, number of patches, and largest patch
size with the help of the FRAGSTATS 3.0 software
(McGarigal and Marks 1995) to assess landscape structure
change and fragmentation because of the land-use changes.
Calculation of Remaining Mean Species Abundance
The Global Biodiversity Model framework (GLOBIO3)
was used to assess the consequences of different land-use
scenarios for biodiversity (Alkemade and others 2009). The
model was built on the simple cause-effect relationships
between human-induced drivers and biodiversity impacts
in the past, present, and future, and it can be used at various
scales. The relationships were derived from an extensive
literature review and meta analyses and are described in
Alkemade and others (2009). The mean species abundance
(MSA) relative to their abundance in undisturbed ecosys-
tems is used as the proxy indicator for biodiversity, similar
to a naturalness or intactness index (see also Scholes and
Biggs 2005). The driving factors in the original GLOBIO3
model included land use and land-use intensity, infra-
structure development, fragmentation, atmospheric nitro-
gen deposition, and climate change. In the current study,
the last two factors were not included, because these are
implemented in the software by coarse-scale, global algo-
rithms not applicable to the local scale. Similar to the Dyna-
CLUE model, all spatial analyses were calculated with a
spatial resolution of 500 9 500 m.
The overall MSA value of a grid cell i (MSAi) was
obtained by multiplying the values for each driving factor
in each grid cell according to
MSAxi ¼ MSALUi  MSAIi  MSAFi ð2Þ
where MSAxi is defined as the mean species abundance as a
function of LU (land use/land intensity), I (infrastructural
development), and F (fragmentation), respectively.
The MSA values range between 1.0 in an undisturbed or
primary ecosystem and 0.0 in a completely destroyed
ecosystem. MSA values can be categorized into five clas-
ses: low (0.0–0.2), relatively low (0.2–0.4), medium (0.4–
630 Environmental Management (2010) 45:626–639
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0.6), relatively high (0.6–0.8), and high (0.8–1.0). The
original MSALU values as estimated by Alkemade and
others (2009) were adapted slightly to suit the local situa-
tion, using input obtained from national biodiversity
experts (Utis Kutintara and Nipon Tangtham, personal
communication) and a literature review (Santisuk 1988).
The values used for intact forest, disturbed forest, forest
plantation, secondary forest (miscellaneous), intensive
agriculture (paddy), extensive agriculture (upland crop),
perennial trees, and built-up area were 1.0, 0.7, 0.4, 0.45,
0.1, 0.3, 0.2, and 0.05, respectively.
To estimate the effect of infrastructure, impact zones
were calculated along road networks. Roads were buffered
by different widths. The width of an impact zone depended
on the land-use type, because the direct and indirect effects
of roads on the neighboring plants and wildlife differ
among ecosystems (United Nations Environmental Pro-
gramme 2001).
Depending on the land cover type, four sensitivity
classes were assigned to the different zones: high impact
(MSAI = 0.50), medium impact (MSAI = 0.75), low
impact (MSAI = 0.900), and no impact (MSAI = 1.00) at
distances of more than 5–10 km.
The GLOBIO3 model estimates of the minimum area
requirement of species were used to derive MSAF values.
MSAF values were ranked from 0.55 for a patch size of
1–10 km2 to 1.00 for a patch size [10,000 km2. More
detailed documentation on these relationships is provided
by Alkemade and others (2009).
Assessment of Future Deforestation and Threats
to MSA
To determine the extent of the projected deforestation within
the protected area network, the current and predicted land-use
maps for 2050 were overlaid with a protected-area map. In
addition, hotspots of threats to biodiversity were determined
by selecting areas where MSA was expected to decrease by
more than 0.5 between the current and the simulated 2050
conditions. These areas were determined both inside and
outside the protected-area network.
Results
Land-Use/Land-Cover Changes
The significant factors and coefficients derived from the
logistic regression analysis that determined the location
suitability of the seven land-use types are reported in
Table 2 From this table, it can be seen that not all location
factors were included in the regression models and each
factor contributed differently depending on the land-use
type. High altitude, lateritic soil, and distance to available
water were positively correlated with disturbed forest.
These areas contained many limiting factors for agricul-
ture, so further reclamation to agriculture was limited. In
contrast, areas close to the stream network, situated in
densely populated forested areas, accessible from main
Table 2 b values of significant location factors for regression results related to each land-use location
Variable Disturbed forest Plantation Paddy Upland crop Tree crop Misc. Built-up
Altitude 0.00048 0.00130 -0.00376 -0.00072 n.s. 0.00075 0.00048
Slope n.s. -0.00397 -0.08228 -0.01893 -0.01689 -0.00239 - 0.02459
Soil texturea
Loam -1.37044 -1.76317 0.95018 0.55511 1.07089 n.s. n.s.
Sand n.s. -1.81328 -0.43501 n.s. 1.22317 n.s. n.s.
Laterite 0.41532 -1.10662 n.s. n.s. 0.92850 1.00739 -0.50489
Slope complex n.s. n.s. -0.59339 -1.29505 n.s. 0.93170 -1.34931
Clay -0.96675 n.s. 1.74109 n.s. 0.63130 n.s.
Wetland n.s. -1.51121 0.65003 -1.91855 n.s. 1.46027 n.s.
Distance to stream 0.00011 -0.00013 -0.00011 0.00038 0.00018 -0.00021 -0.00016
Distance to village n.s. n.s. -0.00015 -0.00003 0.00021 -0.00018 n.s.
Distance to main road -0.00010 -0.00015 n.s. -0.00026 -0.00024 n.s. -0.00026
Distance to city -0.00001 -0.00001 -0.00004 0.00003 -0.00004 0.0001 -0.00006
Population density -0.00287 -0.00443 n.s. -0.00587 n.s. -0.00190 0.00025
Constant 0.47230 6.10071 1.35047 -2.82129 3.71065 -0.49785 1.90341
ROC 0.68 0.71 0.93 0.83 0.80 0.66 0.88
Note: n.s., not significant at 0.05 level
a Category variable
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roads, at low altitude, and on fertile soil (clay and loam)
were identified as at risk of encroachment, because they are
prime targets for agriculture. In addition, rugged terrain,
poor soil, and remoteness were limiting factors to future
encroachment. The spatial distributions of the seven land-
use types were explained moderately to well by the
selected location factors, as indicated by the ROC values
that measure the goodness-of-fit of the logistic regression
models (Table 2). High ROC values were found for paddy
(0.93) and built-up area (0.88). Relatively high-to-moder-
ate values were found for upland crops (0.83), tree crops
(0.80), and forest plantation (0.71). Low values were
observed for disturbed forest (0.68) and miscellaneous land
use (0.66). These differences in goodness-of-fit occurred
because paddy requires specific land characteristics (e.g.
poor drainage, clay texture), similar to a built-up area that
forms in high population areas, close to roads and cities,
and at low altitude. Sand and lateritic soil are not sys-
tematic choices for upland crops. Disturbed forest and
miscellaneous land use (including abandoned swidden
cultivation) can be found in all altitude zones, often on
soils vulnerable to soil erosion (Land Development
Department 2001; Thanapakpawin and others 2006). In
addition, because these classes represented a wide range of
different activities, lower ROC values were found.
Land-use/land-cover maps for 2002 and simulation
results for 2050 for the three scenarios are shown in Fig. 2.
The results of the trend scenario without spatial policies
and restrictions show that the highest rate of deforestation
and a low percentage of forest cover was found in the four
lower-north provinces of Phitsanulok, Sukhothai, Kham-
phaeng Phet, and Nakhon Sawan (Fig. 2). The dominant
topography in these provinces is flat to gently sloping
terrain with alluvial deposits, which are highly suitable for
agriculture and development. Forest areas have been con-
verted to agriculture for several decades. In contrast, trends
of deforestation in Chiang Mai, Phayao, Lampang, Lam-
pun, and Phetchabun provinces were expected to reverse.
The annual deforestation rate would be \1% (previously
1.1–1.9%). The highest percentages of remaining forest
cover in 2050 were found in the western provinces, such as
Mae Hong Son (84%), followed by Chiang Mai (70%).
Mae Hong Son province also showed the lowest defores-
tation rate (0.1% per annum), followed by Nan (0.2% per
annum). These provinces have mostly shallow, erosive
soils with low fertility and are located in sloping terrain,
with very difficult access, so opportunities for agriculture
are very restricted by natural barriers. Consequently, the
population in Mae Hong Son was less than 300,000 and it
had the lowest density (20 people/km2) in Thailand.
Although the population in Nakhon Sawan was 1.1 million,
the population density was 126 people/km2 or 6–7 times
that of Mae Hong Son province.
The integrated-management scenario, with protected
areas and a slower rate of agricultural expansion, showed
different land-use patterns. This scenario assumed less
demand for agriculture and rubber plantations, leading to
higher remaining forest cover and tree crops. Forest cover
was expected to increase from the west to the upper north
and along the eastern national border. Mae Hong Son and
Chiang Mai would have more than 75% forest cover in
2050 (Fig. 3), while Nan would have approximately 65%,
which is similar to the conditions in 2002. Under this
scenario, substantial increases in forest cover were also pre-
dicted for Chiang Rai, Nan, Tak, and Phitsanulok provinces.
For instance, Nan would gain approximately 2% of forest
cover in the next 48 years, due to the restriction of further
encroachment into the reserves and the regrowth of natural
vegetation in abandoned agricultural areas (5700 ha).
The results of the conservation-oriented scenario
showed that the extent and distribution pattern of the
remaining forest in 2050 were relatively similar to the
conditions in 2002. Similar to other scenarios, high
deforestation was found in Pichit, Sukhothai, Phetchabun,
Kamphaeng Phet, and Nakhon Sawan provinces. Mae
Hong Son, Chiang Mai, Lampang, Tak, and Phrae prov-
inces still encompassed more than 70% forest cover
(Fig. 3). In addition, Nan province would gain approxi-
mately 5.6% forest cover, mainly converted from second-
ary forest and abandoned swidden cultivation at high
elevation through reforestation.
The results of the Dyna-CLUE model revealed that the
number of remaining forest patches increased in all sce-
narios over the 48 years of simulation. The number of
patches increased from 1250 in 2002 to values of 1783 for
the trend scenario, 1515 for the integrated-management
scenario, and 1321 patches for the conservation-oriented
scenario in 2050. This index corresponds to mean patch
size index, which revealed that the mean patch size of
forests decreased from 7930 ha in 2002 to 4373, 5681, and
7214 ha for the trend, integrated-management, and con-
servation-oriented scenarios, respectively. In addition, the
largest patch of forest cover substantially declined from
54% of the remaining forest cover in 2002 to 39% for the
trend scenario, 44% for the integrated scenario, and 50%
for the conservation-oriented scenario due to fragmenta-
tion. Small, fragmented forest patches surrounded by
agricultural land uses can be considered as disturbed forest
or sink habitat (Forman 1995), since the whole patch cor-
responds to a border area.
Remaining MSA
The overall MSA for northern Thailand in 2002 was
approximately 0.52, which was a decrease of 0.48 since
human intervention first occurred (Table 3). The decrease
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was mainly caused by land-use change, especially agri-
culture (34%). The projected MSA value for the trend,
integrated-management, and conservation-oriented scenar-
ios for 2050 was estimated as 0.45, 0.46, and 0.48,
respectively (Table 3). The expansion of agriculture con-
tributed to a future MSA loss of between 35.1 and 42.2%.
The second highest impact factor was infrastructure
development (road expansion), followed by fragmentation.
The large effect of infrastructure development was a con-
sequence of the assumption for all scenarios that the cur-
rent unpaved roads would be developed to hard-surface
standard within the next 48 years and would facilitate
human access to remaining intact forest areas, thus leading
to a reduction in MSA.
The highest MSA values were associated with high
altitude and inaccessible areas in the west (Fig. 3). Such
areas received de facto natural protection except where
communities had settled and were practicing agriculture.
In addition, patchy areas of high MSA were scattered in
remnant protected areas across the landscape. Thus, the
persistence of forest cover and MSA in the future would
be very likely to occur only in protected areas and on
high slopes as indicated by Fox and Vogler (2005).
Figure 3 also shows that the remaining MSA in the
northwest (Chiang Mai province) would decline due to
infrastructure development (road construction) and
fragmentation.
Threats to MSA
Based on the analysis, the estimated area where MSA was
seriously threatened (a decrease of 0.5 or more during the
Fig. 2 Land-use patterns in
2050 simulated by the Dyna-
CLUE model for northern
Thailand
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2002–2050 period) was approximately 4910 km2, or 2.8%
of the region under the trend scenario. The total number of
forest patches threatened was 2350 and most of these were
distributed across the center of the northern region (Fig. 4).
Forest patches were unlikely to stay preserved in the lower
north of the region, due to the low forest area remaining in
this part of the region (Fig. 2). The average patch size was
208 ha. In contrast to these results, the areas threatened
under the integrated-management and conservation-ori-
ented scenarios were 2719 km2 (1627 patches) and
556 km2 (337 patches), respectively, while the average
remaining patch sizes were 167 and 165 ha, respectively.
Some of the currently protected areas were unlikely to
be effective in preventing MSA loss due to deforestation if
restrictions were not enforced. The results indicated that
the remaining forest cover inside the protected area
network would decline from 86% of the reserve areas in
2002 to 76% in 2050 under the trend scenario. Large areas
of intact forest cover were likely to be diminished both
inside and outside protected areas. On the other hand, the
expected forest cover in protected areas would be
approximately 87% under the integrated management and
conservation-oriented scenarios. Using GLOBIO3, the
average MSA value derived in protected areas in 2002 was
0.72 and estimated to be 0.66, 0.69, and 0.70 in 2050 under
the trend, integrated management, and conservation-ori-
ented scenarios, respectively (Figs. 3 and 4). The expected
extent of threats to MSA under the integrated management
and conservation-oriented scenarios was much lower than
for the trend scenario, due to the assumption that restric-
tions to deforestation in protected areas would be suc-
cessful (Fig. 4).
Fig. 3 Remaining species
abundance for northern
Thailand under different land-
use scenarios in 2050
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Discussion
Model Performance
Earlier studies implemented various land-use models in
Thailand addressing various questions and had either
focused on a specific case study or addressed one specific
land-use sector (Barnaud and others 2006; Rajan and
Shibasaki 1997; Trisurat 1999; Watcharakitti 1976). The
modeling approach presented in this paper was chosen for
the current study based on the available data, the large
spatial extent of the region, and the complexity of the
processes. In addition, a pixel size of 25 ha was used,
which was considered to be an appropriate resolution for
regional-scale assessments and realistic in terms of the
spatial scale of the different data used and the computa-
tional requirements of the modeling.
Alternative models, such as the Markov chain model,
use previous land-use trends to envisage what will happen
in the future, without considering the role of changes in the
controlling natural, political, and sociological factors,
unlike the Dyna-CLUE model, which explicitly addresses
the dynamics of the different competing land uses. A
dynamic approach that can account for competition
between land uses is needed, where there are changing
preferences for different land uses that have different
environmental and geographic requirements. Therefore,
Markov chain models would not be capable of addressing
the different scenarios presented in this paper.
Multiagent models have high data requirements and so
they are not often applied at a large regional scale, as was
the case in the current study (Matthews and others 2007).
In addition, logistic regression approaches in deforestation
studies often focus on the identification of forest versus
nonforest land use only, which is insufficient given the
diverging characteristics of nonforest land uses.
The estimated MSA values were different from the
biodiversity assessments based on the species-area rela-
tionship (SAR) concept, which estimates that 80–90% of
the original species will remain if 30–40% of the area of
any given terrestrial community or ecosystem can be
conserved (Dobson 1996). This is due to the SAR approach
ignoring the variation of habitat quality and fragmentation
effects and not including the species abundance (Gotelli
2001). In addition, the SAR approach may underestimate
the potential losses of MSA, especially when the remaining
habitat is highly fragmented. For instance, Lomolino
(1982) found that not only the patch size, but also the
distance between patches was a significant factor for ter-
restrial mammals. In addition, Delin and Andren (2004)
revealed that neither fragment size nor the degree of iso-
lation was significant for the distribution of Eurasian red
squirrels (Sciurus vulgaris). The only factor that signifi-
cantly influenced a density index was the proportion of
spruce within a habitat fragment. Similar results were
observed for terrestrial birds on British islands, where there
was no significant relationship between the average num-
ber of visiting birds and the island area or island distance,
Table 3 Landscape indices of remaining forest area and relative contribution of different pressure indicators to the reduced MSA in northern
Thailand during 2002–2050 (%)
2002 Scenario 1:
Trend
Scenario 2: Integrated
management
Scenario 3: Conservation
oriented
Total forested area (%) 57.0 45.0 50.0 55.0
Remaining intact forest (%) 49.2 37.2 41.6 47.0
No. of patches 1,254 1,783 1,515 1,312
Average mean patch size (ha) 7,930 4,370 5,680 7,210
Largest patch index 53.7 38.9 43.7 49.7
Total core area (km2) 60,069 4,241 52,926 60,213
Mean core area (km2) 48 24 35 45
Remaining MSA 0.52 0.45 0.46 0.48
Reduction (%) by
Land-use change 33.9 42.2 40.0 35.1
Agriculture 26.2 34.7 33.0 28.2
Forestry 3.9 3.6 4.1 4.0
Urban 0.2 0.4 0.4 0.4
Others 3.6 3.5 2.5 2.5
Infrastructure development 10.7 10.2 11.5 13.5
Forest fragmentation 3.2 3.0 3.0 3.3
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but island property was significant (Stracey and Pimm
2009). The GLOBIO3 model incorporated habitat frag-
mentation and other human pressure factors making it an
appropriate method for scenario analysis. Thus, it was an
appropriate tool to assess biodiversity integrity in human-
induced landscape and heterogeneous habitats.
Predicted Forest Cover and MSA Values
The predicted forest cover in 2050 showed a similar pattern
of forest distribution. High percentages of remaining forest
cover in 2050 were predicted in the west and in the upper
north provinces, since these regions have more protected
areas compared to the lower north provinces (Fig. 1). In
addition, all scenarios indicated that agriculture was the
largest contributor to biodiversity loss. The dominance of
agriculture is not surprising, since agriculture covers vast
areas in northern Thailand and will continue to increase
substantially in the future, due to high demand for rubber
and food. The result was in line with several reports (Office
of Environmental Policy and Planning 1997; Panayotou
and Sungsuwan 1989), indicating that expansion of agri-
culture had reduced significantly the amount of forest cover
and biological resources over the last four decades.
Even though the predicted forest cover in 2050 was
quite different among the three scenarios (45–55%), the
overall MSA values showed less distinct differences. There
are two reasons to explain this. First, the extent of forest
cover was composed of intact forest, disturbed forest, and
forest plantation. The estimated reforestation area under
Fig. 4 Location of areas with a high threat to biodiversity under
different land-use scenarios in 2050. Indices: 1, Chiang Rai; 2, Chiang
Mai; 3, Mae Hong Son; 4, Phayao; 5, Nan; 6, Lampang; 7, Uttaradit;
8, Tak; 9, Phitsanoluk; 10, Sukhothai; 11, Phetchabun; 12, Kampaeng
Phet; 13, Pichit; 14, Nakhon Sawan; 15, Phrae; 16, Lampun; 17, Uthai
Thani
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either the integrated-management scenario or conservation-
oriented scenario was approximately 684,000 ha, or 4.0%
of the region, compared with 499,000 ha, or 2.9%, under
the trend scenario (Table 1). Based on calculations by Thai
national experts, the MSALU value for plantation is 0.4
relative to undisturbed ecosystems, because forestry offi-
cials usually plant a single species, mainly indigenous
Pinus merkusi or P. kesiya or the exotic Eucalyptus cam-
aldulensis. Therefore, the increment of MSA is not pro-
portional to the increase in forest cover given the change in
forest types.
Second, the GLOBIO3 model calculated MSAF and
MSAI values only for natural areas, resulting in a lower
contribution to forest fragmentation and infrastructure
development to MSA in the trend scenario than in the
integrated-management and the conservation-oriented
scenarios, because of the smaller forest area and higher
forest encroachment along road networks (Table 3). Road
construction in densely forested areas in the northwest of
the study area would facilitate human access to intact
forest for agriculture, hunting and extraction of forest
products, and, in the end, would lead to a reduction in
biodiversity. Cropper and others (1996) indicated that
road development had caused significant loss of forest
cover in the north of Thailand from 1976 to 1989. In
addition, roads created forest edges that allowed increased
light and wind penetration into core areas, forcing some
species to move deeper into the forest, and in addition,
roads formed physical barriers restricting wildlife move-
ment (Allen and others 2001). The research findings could
motivate policymakers to increase the existing 50% forest
cover and strengthen land allocation policies (Office of
Environmental Policy and Planning 1997) by paying
attention not only to the quantity of forest cover, but also
to the configuration of the remaining forest and carefully
monitoring tourism infrastructure development in pristine
ecosystems.
In addition, this research also identified hotspots of
threats to biodiversity, where MSA was expected to
decrease by 0.5 or more during 2002 to 2050. This value
was chosen because it is normally used as a cutoff point for
binary classification in statistic analysis. An MSA value
C0.5 was defined as high biodiversity and a value\0.5 was
defined as low biodiversity.
Future Research
Despite the fact that the GLOBIO3 model provided a
useful approximation of MSA and the relative contribution
of pressure indicators on MSA, the existing model could be
improved for more effective implementation at regional
and local levels. Improvements could include the addition
of other driving factors and validation. First, only three
pressure factors of the five available in GLOBIO3 were
used, because N deposition and climate change are
implemented in the model for global-level analysis using a
specification not suitable for regional-to-local applications.
Implementing these factors for northern Thailand using
local data and predictions may improve the MSA estimates.
Additional potential drivers should be investigated in
future research, including poverty and forest fire. In Thai-
land, at least 5 million forest dwellers live in reserve for-
ests and depend on biological resources (Fox and Vogler
2005; Royal Forest Department 2007); most are living
below the poverty line.
Second, validation of the accuracy of a prediction model
is always important, in order to convince stakeholders and
decision makers to accept the results. In this study, it was
not possible to validate the predicted land-use map because
land-use data beyond 2002 were not available. An absence
of appropriate data for validation is a common problem in
land-use modeling; only a few models and model appli-
cations are properly validated (Pontius and others 2008).
The Land Development Department produces a new land-
use map when budget funding is available, which would
provide validation of this application of the model. For
GLOBIO3, one promising method for validation in the
future would be to use actual species occurrences and
species indices (e.g., species richness or species diversity)
derived from long-term forest monitoring plots to test
model accuracy.
Nevertheless, the combination of the Dyna-CLUE and
GLOBIO3 models was very useful, not only to simulate
land-use allocation, but also to visualize forest patterns in
the landscape. In addition, the models identified ‘hot zones’
of deforestation and important areas for biodiversity
conservation.
Conclusion
According to exiting trends, forest cover loss in northern
Thailand will continue, unless strict protection measures
are undertaken. The results of this study are as follows.
1. The trend scenario was developed based on a contin-
uation of the trends of land-use conversion of recent
years. The existing forest cover of 57% of the region in
2002 was expected to decrease to 45% by 2050.
However, forest loss was likely to be strongly variable
across the region. The remaining forest cover would be
found mainly in the upper north and in the west where
altitude is high and accessibility is low. The lowest
loss and highest percentage of forest cover would be
found in the northwest. In contrast, forest cover in the
lower north provinces would be \20% by 2050. The
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estimated MSA value would decline from *0.52 in
2002 to 0.45 in 2050. High threats to MSA would
occur in areas covering *4910 km2, mainly wide-
spread in the center of the region. Intensive and regular
patrolling to minimize deforestation in protected areas
is highly recommended because a lot of deforestation
is predicted within the reserves.
2. The integrated-management scenario was directed by
policies that aimed to maintain 50% forest cover.
Under this scenario, much forested land in rugged
terrain and protected areas remained intact due to the
land not being suitable for agriculture and a restriction
policy being undertaken in the existing protected area
network, despite there being a high demand for rubber
plantations. The estimated MSA value derived from
the simulated land-use map in 2050 was 0.46. High
threat areas covered *2719 km2. Three conservation
measures are recommended based on the results of this
scenario: minimize future deforestation in protected
areas and threats to MSA areas in the buffer zones,
raise conservation awareness among local people, and
maintain ecosystem connectivity of fragmented pro-
tected areas.
3. The conservation-oriented scenario aimed to maintain
55% of the region under forest cover. The results of
model simulation showed that the extent and pattern
of remaining forest cover in 2050 were relatively
similar to those of the forest area in 2002, except in
the lower north, which would have less forest cover.
Nan province would gain substantial forest cover
from secondary forest regeneration and abandoned
swidden cultivation at high elevations. The estimated
MSA value for this scenario was 0.48 of the original
state. Threats to MSA covered an area of 556 km2.
Besides protection and conservation awareness, it is
recommended that forestry officials use many native
species to rehabilitate degraded ecosystems inside
protected areas, which will most likely improve MSA
values.
The results of this research indicated that the ‘50–55%
forest cover’ policies for 2050 might not be the most
efficient to promote biodiversity conservation, and these
ambitious targets might create significant confrontations
over land demands between conservationists and landless
farmers. The results suggest that it is more effective for
authorized agencies to protect biodiversity by maintaining
forest cover with high biodiversity (corresponding with
high MSA) values. There is also a need to recognize that
infrastructure development in dense forest may have a
negative impact on biodiversity and the agencies may need
to allocate resources to prevent future deforestation in risk
areas.
Acknowledgments The authors would like to thank the Kasetsart
University Research and Development Institute (KURDI) and The
Netherlands Environmental Assessment Agency (PBL) for financial
support for this research project. In addition, gratitude is expressed to
the Royal Forest Department, Department of National Park, Wildlife
and Plant Conservation, and Land Development Department for
providing information. Nipon Tangtham, the handling editor, and two
anonymous reviewers provided valuable suggestions and comments
during preparation of the manuscript.
References
Alkemade R, van Oorschot M, Nellemann C, Miles L, Bakkenes M,
Brink Bten (2009) GLOBIO3: a framework to investigate
options for reducing global terrestrial biodiversity loss. Ecosys-
tems 12(3):349–359
Allen CR, Pearlstine LG, Kitchens WM (2001) Modeling viable
populations in gap analysis. Biological Conservation 99(2):135–144
Barnaud C, Promburom P, Bousquet F, Tre´buil G (2006) Companion
modelling to facilitate collective land management by Akha
villagers in upper northern Thailand. Journal of the World
Association Soil & Water Conservation 1(4):38–54
Castella JC, Verburg PH (2007) Combination of process-oriented and
pattern-oriented models of land use change in a mountain area of
Vietnam. Ecological Modelling 202(3–4):410–420
CFAN (Forestry Advisers Network) (2005) Deforestation: tropical
forests in decline. CIDA Forestry Advisers Network. http://www.
rcfa-cfan.org/english/issues.12-3.html. Accessed 12 Feb 2008
Charuphat T (2000) Remote sensing and GIS for tropical forest
management. In: GIS Application Center (ed) Proceedings of the
Ninth Regional Seminar on Earth Observation for Tropical
Ecosystem Management, Khao Yai, Thailand, 20–24 November
2000. National Space Development Agency of Japan, Remote
Sensing Technology Center of Japan, Royal Forest Department,
and GIS Application Center/AIT, Khao Yai National Park,
Thailand, pp 42–49
Cropper M, Griffiths C, Mani M (1996) Roads, population pressures
and deforestation in Thailand, 1976–1989. World Bank,
New York
Delang CO (2002) Deforestation in northern Thailand: the result of
Hmong farming practices or Thai development strategies?
Society and Natural Resources 15:483–501
Delin AE, Andren H (2004) Effects of habitat fragmentation on
Eurasian red squired (Sciurus vulgaris) in a forest landscape.
Landscape Ecology 14:62–72
Department of Local Administration (2007) Population census in
Thailand from 1994 to 2007. http://www.dopa.go.th/hpstat9/
people2.htm. Accessed 2 Mar 2008
Dobson AP (1996) Conservation and biodiversity. Scientific Amer-
ican Library, New York
Food and Agriculture Organization of the United Nations (2005)
Global forest assessment. Food and Agriculture Organization of
the United Nations. http://www.fao.org/forestry/site/fra/24690/
en. Accessed 3 Mar 2008
Forman RTT (1995) Land Mosaics: the ecology of landscapes and
regions. Cambridge University Press, Cambridge, UK
Fox J, Vogler JB (2005) Land-use and land-cover change in montane
mainland Southeast Asia. Environmental Management 36(3):
394–403
Fukushima M, Kanzaki M, Hara M, Ohkubo T, Preechapanya P,
Chocharoen C (2008) Secondary forest succession after the
cessation of swidden cultivation in the montane forest area in
northern Thailand. Forest Ecology and Management 255(5–
6):1994–2006
638 Environmental Management (2010) 45:626–639
123
Gotelli NJ (2001) A primer of ecology. Sinauer Associates, Sunder-
land, MA
Lambin EF, Geist J, Lepers E (2003) Dynamics of land-use and land-
cover change in tropical regions. Annual Review in Environment
and Resources 28:205–241
Land Development Department (2001) Soil erosion map. Land
Development Department, Ministry of Agriculture and
Co-operatives, Bangkok, Thailand
Land Development Department (2003) Annual statistics report year
2003. Land Development Department, Ministry of Agriculture
and Co-operatives, Bangkok
Lomolino MV (1982) Species-area and species-distance relationships
of terrestrial mammals in the Thousand Island Region. Journal
Oecologia 54:72–75
MacDonald G (2003) Biogeography: introduction to space, time and
life. John Wiley & Sons, New York
Matthews R, Gilbert N, Roach A, Polhill JG, Gotts NM (2007) Agent-
based land-use models: a review of applications. Landscape
Ecology 22(10):1447–1459
McGarigal K, Marks B (1995) FRAGSTATS: spatial pattern analysis
program for quantifying landscape structure. Gen. Tech. Rep.
PNW-GTR-351, Portland, OR
Oberhauser U (1997) Secondary forest regeneration beneath pine
(Pinus kesiya) plantations in the northern Thai highlands: a
chronosequence study. Forest Ecology and Management 99(1–2):
171–183
Office of Agricultural Economics (2007) Agricultural statistics of
Thailand 2004. Ministry of Agriculture and Co-operatives, Bangkok
Office of Environmental Policy and Planning (1997) Thailand policy
and perspective plan for enhancement and conservation of
national environmental quality, 1997–2016. Ministry of Science,
Technology and Environment, Bangkok
Office of Natural Resources, Environmental Policy and Planning
(2006) The state of the environment for the year 2005–2006.
Office of Natural Resource and Environmental Policy and
Planning, Ministry of Natural Resources and Environment,
Bangkok
Overmars KP, Verburg PH, Veldkamp T (2007) Comparison of a
deductive and an inductive approach to specify land suitability
in a spatially explicit land-use model. Land Use Policy 24(3):
584–599
Panayotou T, Sungsuwan S (1989) An economic study of the causes
of tropical deforestation: the case of northeast Thailand.
Development Discussion Paper No. 284. Harvard University
Institute of Economic Development, Cambridge, MA
Pattanavibool A, Dearden P, Kutintara U (2004) Habitat fragmenta-
tion in north Thailand: a case study. Bird Conservation
International 14:S13–S22
Pontius R, Boersma W, Castella J-C, Clarke K, de Nijs T, Dietzel C,
Duan Z, Fotsing E, Goldstein N, Kok K, Koomen E, Lippitt C,
McConnell W, Mohd Sood A, Pijanowski B, Pithadia S,
Sweeney S, Trung T, Veldkamp A, Verburg P (2008) Comparing
the input, output, and validation maps for several models of land
change. Annals of Regional Science 42:11–37
Priess JA, Schaldach R (2008) Integrated models of the land system: a
review of modelling approaches on the regional to global scale.
Living Reviews in Landscape Research 2. http://www.
livingreviews.org/lrlr-2008-1. Accessed 4 Apr 2009
Rajan KS, Shibasaki R (1997) Estimation of agricultural productivity
and its application to modelling the expansion of agricultural
land in Thailand. Journal of Agricultural Meteorology
52(5):815–818
Redford KH, Richter BD (1999) Conservation of biodiversity in a
world of use. Conservation Biology 13(6):1246–1256
Royal Forest Department (2007) Forestry statistics year 2006.
Ministry of Natural Resources and Environment, Bangkok
Royal Thai Survey Department (2002) Topographic map scale 1:50,
000. Ministry of Defense, Bangkok
Santisuk T (1988) An account of the vegetation of northern Thailand.
Geological Research 5. Franz Steiner Verlag, Stuttgart
Schmidt-Vogt D (1999) Swidden farming and fallow vegetation in
northern Thailand. Geological Research 8. Franz Steiner Verlag,
Stuttgart
Scholes RJ, Biggs R (2005) A biodiversity intactness index. Nature
434:45–49
Stracey CM, Pimm SL (2009) Testing island biogeography theory
with visitation rates of birds to British islands. Journal of
Biogeography 36:1532–1539
Swets JA (1986) Measuring the accuracy of diagnostic systems.
Science 240:1285–1293
Thanapakpawin P, Richey J, Thomas D, Rodda S, Campbell B,
Logsdon M (2006) Effects of land-use change on the hydrologic
regimes of the Mae Chaem river basin, NW Thailand. Journal of
Hydrology 334(1–2):215–230
Theobald DM (2005) GIS concepts and ArcGIS methods, 2nd edn.
Colorado State University, Ft. Collins
Trisurat Y (1999) Land-use changes inside and around Srinakharin
and Erawan National Parks: final report submitted to the Royal
Forest Department. Environ Planning, Bangkok
Trisurat Y (2007) Applying gap analysis and a comparison index to
assess protected areas in Thailand. Environmental Management
39(2):235–245
United Nations Environmental Programme (2001) GLOBIO: global
methodology for mapping human impacts on the biosphere.
Report UNEP/DEWA/TR 25. United Nations Environmental
Programme, Nairobi
Verburg PH, Overmars K (2009) Combining top-down and bottom-up
dynamics in land use modeling: exploring the future of
abandoned farmlands in Europe with the Dyna-CLUE model.
Landscape Ecology 24:1167–1181
Verburg PH, Veldkamp A (2004) Projecting land use transitions at
forest fringes in the Philippines at two spatial scales. Landscape
Ecology 19(1):77–98
Verburg PH, Soepboer W, Limpiada R, Espaldon MVO, Sharifa M,
Veldkamp A (2002) Land-use change modelling at the regional
scale: the CLUE-S model. Environmental Management 30(3):
391–405
Verburg PH, Schot P, Dijst MJ, Veldkamp A (2004) Land use change
modelling: current practice and research priorities. GeoJournal
61(4):309–324
Verburg PH, Eickhout B, van Meijl H (2008) A multi-scale, multi-
model approach for analyzing the future dynamics of European
land use. Annals of Regional Science 42:57–77
Watcharakitti S (1976) Tropical forest land-use evolution in northern
Thailand. Forest Research Bulletin No. 44. Faculty of Forestry,
Kasetsart University, Bangkok
Environmental Management (2010) 45:626–639 639
123
